Abstract Cellulose crystallinity assessment is important for optimizing the yield of cellulose products, such as bioethanol. X-ray diffraction is often used for this purpose for its perceived robustness and availability. In this work, the five most common analysis methods (the Segal peak height method and those based on peak fitting and/or amorphous standards) are critically reviewed and compared to two-dimensional Rietveld refinement. A larger (n ¼ 16) and more varied collection of samples than previous studies have presented is used. In particular, samples (n ¼ 6) with low crystallinity and small crystallite sizes are included. A good linear correlation (r 2 ! 0:90) between the five most common methods suggests that they agree on large-scale crystallinity differences between samples. For small crystallinity differences, however, correlation was not seen for samples that were from distinct sample sets. The least-squares fitting using an amorphous standard shows the smallest crystallite size dependence and this method combined with perpendicular transmission geometry also yielded values closest to independently obtained cellulose crystallinity values. On the other hand, these values are too low according to the Rietveld refinement. All analysis methods have weaknesses that should be considered when assessing differences in sample crystallinity.
Introduction
Cellulose makes up the largest biomass portion of all organic matter. In wood, cellulose comprises up to 50 % of the dry mass. Wood and paper-making industries naturally have strong interest in cellulose products. More recently, byproducts from these industries have also been suggested as a renewable energy source that does not compete with food production ). Developing enzyme mixtures that are optimized for cellulose hydrolysis requires knowledge of the cellulose crystallinity since different enzymes are used for crystalline and amorphous cellulose (Thygesen et al. 2005) .
Crystallinity of cellulose also affects the mechanical properties, such as strength and stiffness, of both natural and man-made cellulosic products. The strength of a biocomposite material can be increased by the inclusion of highly crystalline cellulose (Siró and Plackett 2010) .
X-ray diffraction (XRD) has also been used to study cellulosic materials-for over 80 years (Sisson 1933 )-and it is still a prominent method of determining crystallinity of these materials due to its perceived robustness, non-destructive nature and accessibility (Zavadskii 2004; Driemeier and Calligaris 2010; Kim et al. 2013; Lindner et al. 2015) . In addition to XRD, crystallinity in cellulose samples can be determined with many other methods, such as Raman spectroscopy (Schenzel et al. 2005; Agarwal et al. 2013; Kim et al. 2013) , infrared spectroscopy (Kljun et al. 2011; Chen et al. 2013; Kim et al. 2013) , differential scanning calorimetry (Gupta et al. 2013; Kim and Kee 2014) , sum frequency generation vibration spectroscopy (Barnette et al. 2012; Kim et al. 2013) , and solid state nuclear magnetic resonance (NMR) (Davies et al. 2002; Liitiä et al. 2003; Park et al. 2009; Kim et al. 2013) .
In contrast to NMR, XRD cannot yield the cellulose crystallinity directly, but rather the mass fraction of crystalline cellulose among the entire sample. The latter is referred henceforth as sample crystallinity. In this article cellulose crystallinity refers to the mass fraction of crystalline cellulose among the total cellulose content. It follows that the values for sample crystallinity and cellulose crystallinity are directly comparable only if the sample is pure cellulose. Otherwise, the cellulose content of the sample should be determined using independent methods if cellulose crystallinity should be obtained from XRD measurements. Furthermore, sample crystallinity may include crystalline contribution from other crystalline material besides cellulose. In this case the crystalline contributions need to be separated before cellulose crystallinity can be evaluated. Cellulose exists in several polymorphs (French 2014 ) but this study focuses on cellulose I, which is the prominent polymorph in unprocessed wood and other higher plants.
In XRD crystallinity studies, many authors do not attempt to obtain an absolute value for cellulose crystallinity but rather discuss only a crystallinity index or refer to relative crystallinity values. In some cases, the absolute sample crystallinity may be a more useful metric. Absolute crystallinity is obtained for isotropic samples by calculating the area under the intensity curve for the crystalline contribution relative to the combined areas of crystalline and amorphous contributions. However, there are various methods of performing this calculation and different models for amorphous material have been used. For samples with preferred orientation, the used measurement geometry also affects the obtained crystallinity values. As there is no standard method to determine sample crystallinity from XRD data, comparing results from different literature sources is challenging.
A literature survey of 244 articles published between 2010 and 2014 (inclusive) that discussed cellulose crystallinity determination with XRD was conducted. The most common method was the Segal peak height method (Segal et al. 1959) , which was used in 64 % of these articles. The second most common method was peak fitting (25 %, sometimes referred to as peak deconvolution), which was performed either with an amorphous standard or using a mathematical model for the amorphous contribution. The third most common method, amorphous subtraction, was used in 2.0 % of the articles. These three methods were also found to be the most common by Park et al. (2010) for the crystallinity analysis of commercial cellulose.
Recently there has been a vivid discussion on comparisons between the XRD crystallinity analysis methods (Thygesen et al. 2005; Park et al. 2010; Bansal et al. 2010; Terinte et al. 2011; Barnette et al. 2012) . Most of these articles discuss the Segal method, an amorphous subtraction method and a peak fitting method and find differences between the methods. Park et al. (2010) concluded that the Segal method gave values that were too high and recommended the use of other methods. Bansal et al. (2010) also showed that the Segal method performed poorly with samples with known crystallinity, showing a mean error of over 20 %-point for crystallinity values. Terinte et al. (2011) found that values obtained by a peak fitting method by different experts were consistent.
This article includes the Segal method (method 1), the amorphous subtraction method (method 4) and three different peak fitting method implementations. Peak fitting methods vary in the choice of the amorphous model, which is here modeled with a wide Gaussian peak (method 2), with a combination of a linear fit and a wide Gaussian peak (method 3) or with an amorphous standard (method 5). Another peak fitting method, which originates from crystallography, is Rietveld refinement (Rietveld 1969; De Figueiredo and Ferreira 2014) , which focuses on fitting the crystalline contribution accurately and includes all crystalline diffraction peaks. Rietveld refinement has been recently applied for the analysis of plant cellulose samples by Oliveira and Driemeier (2013) . Although this method is not as common as the other methods considered here, it is very promising for the accurate analysis of two-dimensional (2D) scattering data.
Thus, a 2D Rietveld method is included here as a comparison method.
The purpose of this article is to compare the chosen sample crystallinity determination methods and to see under which conditions-if any-comparisons could be made. The recent literature (Bansal et al. 2010; Park et al. 2010; Terinte et al. 2011 ) on this topic has focused on highly crystalline and pure cellulose samples. The samples compared here vary in degree of crystallinity, average crystallite size, degree of preferred orientation, and cellulose content. In particular, a collection of samples with small crystallite sizes and lower crystallinities were chosen for this study. These samples are more challenging to analyze than the samples in the previously cited crystallinity analysis comparison articles due to extensive peak overlap.
Although the Segal method is the most commonly used, criticism towards it is on the rise (Park et al. 2010; Terinte et al. 2011; French and Santiago Cintrón 2013; Nam et al. 2016) . A secondary aim of this study is to further quantify this critique, in particular with respect to the effect of the crystallite size and the unrealistic cellulose crystallinity values obtained with the Segal method.
Materials and methods

Samples
Three forms of commercial microcrystalline cellulose (MCC) were selected to represent standard cellulose samples. MCC1 is known as Avicel PH-102, MCC2 as Vivapur 105 and MCC3, which was measured earlier (Tolonen et al. 2011) , is from Merck (No. 1.02330.0500). Commercial (Milouban) cotton linter pulp (CLP) was also used. These cellulose samples were pressed in the shape of a disc into metal holders. Sample thicknesses were 0.95 (CLP), 1.4 (MCC1) and 1.1 mm (MCC2). Wood with a high average microfibril angle was represented by a juniper sample (Hänninen et al. 2012 ) of 1.4 mm thickness.
Additionally, XRD data was obtained from recent publications. Samples of low-and medium-density balsa (86 and 159 g/cm 3 , respectively) , spruce-pine sulphite pulp and nata de coco (Parviainen et al. 2014) , birch pulp (Testova et al. 2014) , bamboo (Dixon et al. 2015) , and MCC from birch sulphite, poplar kraft and cotton linters (Leppänen et al. 2009 ) were analyzed. The published properties of these samples are summarized in Online Resource 1. The bamboo samples represent values calculated as averages from three replicates.
Experimental set-up MCC1, MCC2, CLP and the juniper sample were measured using both perpendicular transmission (PT) geometry and symmetrical transmission (ST) geometry. Set-up 1 is based on a rotating anode source (Kontro et al. 2014) and was used for the PT measurements using a mar345 image plate detector. Set-up 2 is a fourcircle goniometer (Andersson et al. 2003 ) that was used for all ST measurements. For the ST measurements the samples were rotated to reduce preferred orientation effects. All measurements were done using copper Ka energies (wavelength k ¼ 0:154 nm) and for compatibility with the Segal method scattering angles (2h) are discussed.
Data analysis
The XRD data was corrected for read-out noise (set-up 1) and normalized with the transmission calculated from the primary beam before air scattering was subtracted. After this, polarization correction was applied (taking into account the monochromator angle of 28.44 for set-up 1). Geometrical corrections were applied for set-up 1. After this angle-dependent absorption (irradiated volume) correction was applied. For set-up 1 the diffraction data was averaged radially before data analysis in MATLAB. From the samples with published data, original corrected intensities were used if they were available.
A total of five different analysis methods were used to determine sample crystallinity for each of the 23 measurements included in this study. All five analysis methods are visualized in Fig. 1 for an MCC standard sample (high crystallinity) and a wood sample (low crystallinity). For comparison, 2D Rietveld refinement was included for the samples with 2D data available.
Method 1: Segal peak height
In the Segal peak height method (Segal et al. 1959 ) a maximum intensity value I 200 is found between the Cellulose (2016 Cellulose ( ) 23:1073 Cellulose ( -1086 Cellulose ( 1075 scattering angles of 2h ¼ 22 and 23 . The region between the cellulose Ib 200 diffraction peak and the 110 and 110 peaks is assumed to have very little crystalline contribution and is approximated as comprising of only an amorphous contribution. The minimum value I min is taken using a minimum in the data, typically between 2h ¼ 18 and 19 . The sample crystallinity (usually referred to as the crystallinity index) is then calculated as
Method 2: Gaussian peak fitting without a linear background (Gaussian peaks)
In method 2 a relatively small 2h range between 2h 1 ¼ 13 and 2h 2 ¼ 25 is used and four cellulose (Nishiyama et al. 2002) in the least square fit except for the 200-diffraction peak, which is fitted to the right of the observed 200-peak maximum. The amorphous peak maximum is limited between 18 and 22 . The area of the crystalline peaks (A cr ) is used to calculate crystallinity as
where A sample is the area under the sample intensity curve.
Method 3: Gaussian peak fitting with a linear background (Gaussian? linear)
Method 3 includes a larger scattering angle region (from 2h 1 ¼ 13 to 2h 2 ¼ 50 ) than method 2 and correspondingly more reflections (18 reflections of cellulose Ib (Nishiyama et al. 2002) ). In this method the amorphous model is also more sophisticated since it is represented by a superposition of a linear fit and a wide Gaussian peak, with a peak maximum between 18 and 22 and peak full width at half maximum between 10 and 22.5 . The linear fit is assumed to be part of the amorphous model since the scattering intensities are already corrected before the crystallinity analysis.
The peak positions in this model are allowed to vary by 0.3 degrees, whereas peak widths and peak heights are taken essentially as free fitting parameters, with the starting values taken from a 36-chain crystallite model (Ding and Himmel 2006) . The 200-diffraction peak position is fitted to the right of the observed 200-peak maximum instead of the exact literature position. The crystallinity is calculated with Eq. (2).
Method 4: Amorphous subtraction
In the Amorphous subtraction method an amorphous standard is chosen that should fit the amorphous contribution from the sample. The shape of the model is taken from a measured amorphous sample and may thus be more complicated and asymmetric than the ones of methods 2 and 3.
Before analysis the experimental data is smoothed with a Gaussian filter. The amorphous curve is then fitted to the data using a constant scaling factor so that it touches the experimental data in at least one point but does not surpass it. The area under the amorphous curve (A am ) is then taken as the amorphous contribution and crystallinity is then calculated as
The scattering angle range used to calculate the area is chosen to include a large wide-angle X-ray scattering region.
Here the values of 2h 1 ¼ 13:5 and 2h 2 ¼ 49:5 are used for the Amorphous subtraction method.
Method 5: Gaussian peak fitting with an amorphous standard (Amorphous fitting)
Similarly to method 4, the Amorphous fitting method uses also an experimental amorphous standard obtained from a chosen amorphous sample. The crystalline model is the same as in method 3 and the crystallinity is calculated using Eq. (3) with 2h 1 ¼ 13 and 2h 2 ¼ 50 . A linear superposition of the crystalline and amorphous models is used in the least squares fit. In contrast to method 4, method 5 features fitting which allows the amorphous model to surpass the measurement intensities slightly at some scattering angles if this improves the fit. This can happen due to differences in the actual shape of the amorphous contribution and the selected amorphous standard.
Comparison method: Two-dimensional Rietveld refinement
Rietveld refinement (RR) represents a more sophisticated method of fitting crystalline cellulose peaks to the experimental data. RR was conducted using the Cellulose Rietveld analysis for fine structure (CRAFS) software (Oliveira and Driemeier 2013; Driemeier 2014 ) using corrected two-dimensional scattering data. The standard CRAFS background model was replaced with the linear?Gaussian amorphous model of method 3. Otherwise the fitting algorithm and the fitting model was the same as explained in Oliveira and Driemeier (2013) . Because the samples represent cellulose from different sources, all the parameters for unit cell, crystallite size and diffraction peak shape were refined. The starting values and upper and lower boundaries for all these parameters were from Oliveira and Driemeier (2013) except for the parameters that account for differences in the 110 and 110 peak intensities.
1 The amount of preferred orientation in the samples varied from weak (powder-like samples) to very strong (wood and bamboo) and an orientation distribution was fitted to all the samples using a single Gaussian peak and a positive smoothly-varying background described with Legendre polynomials. Refined models for a microcrystalline cellulose standard and for two highly oriented samples are shown in Fig. 2 . The 2D RR sample crystallinity was calculated using Eq. (3).
Fully crystalline models: the crystallite size effect Fully crystalline cellulose models were constructed from the unit cell parameters of Nishiyama et al. (2002) for the purposes of seeing if the size of the crystallites affects the crystallinity values obtained with the chosen methods. These idealized crystallite models contain no surface, or other, disorder. Each model represents an ideal cellulose crystallite with both the cellulose and the sample crystallinity of 100 %. Any variation from this value in sample crystallinities reported in the Results section is due to the systematical error in the fitting method. Scattering intensities were calculated using the Debye formula (Debye and Bueche 1949) for the models shown in Fig. 3 . The length of each model was 20 glucose residues. The size of the models were chosen to represent typical cellulose crystallite sizes (3-7 nm). The size was calculated in the [110] and [110] directions from atomic coordinates.
Results
Crystallinity values
Ideally, the crystallinity value should not depend on the crystallite size. However, looking at the values of the fully crystalline models (Fig. 4) , the values of the Segal peak height method show a positive linear correlation (r 2 ¼ 0:92) with the crystallite size, as does the Amorphous subtraction method (r 2 ¼ 0:92). The largest variation as a function of the crystallite size was seen in the Gaussian? linear method, whereas the Amorphous fitting showed the least variation as a function of crystallite size (Table 1 ). The linear component of the Gaussian? linear model increases for the larger crystallite sizes resulting in larger amorphous contributions. All methods yield crystallinity values significantly 2 below the ideal value of Table 2 . The average sample crystallinity values for the Segal method are higher than for the other methods (66 % higher than Gaussian peaks, 63 % higher than Gaussian ? linear, 52 % higher than Amorphous fitting and 40 % higher than Amorphous subtraction).
The values of sample crystallinities obtained can also be compared to NMR crystallinity results if the cellulose content is available. For the samples where this information was available, cellulose crystallinity was calculated as C/cc, where cc is the cellulose content and C is the sample crystallinity. The values in Table 3 show that the Segal method produces unrealistically high values, over 100 % for samples with low cc. Results from methods 4 and 5, based on an amorphous standard, correspond best with the NMR results.
The unprocessed plant and wood material have strong preferred orientation. The effects of the orientation can be assessed by measuring the same sample using multiple measurement geometries. For the mediumdensity balsa sample that was measured with three measurement geometries, only the symmetrical reflection geometry produces systematically cellulose crystallinity values of over 100 %. This can be explained by the optimal scattering orientation of the cellulose Ib 200 reflection for wood samples, which causes overestimation of its contribution in the scattering pattern (Paakkari et al. 1988 ) and leads to too high cellulose crystallinity values. Thus for samples with wood-like texture, PT and ST geometries yield more realistic cellulose crystallinity values. Samples (n=5) that were measured with both of these geometries showed on average higher sample crystallinity values with PT than with ST (Table 2 ; 8, 14, 9, 14 % and 12 % higher, with methods 1 through 5, respectively).
Correlation between the methods
If all the crystallinity analysis methods correlate with the actual sample crystallinity, there should be a linear correlation between the values of different methods. The linearity of other methods relative to the (Fig. 3) . To see if the correlations hold at smaller crystallinity differences the data was divided into two data sets (Table 2) , those with low crystallinity (n = 8) and those with high crystallinity (n = 15). For the Amorphous fitting method low crystallinity samples vary in sample crystallinity from 20.7 to 28.1 % and the high crystallinity ones from 42.3 to 61.9 %. The linearity between the methods diminishes or disappears compared to Fig 5a as can be seen in Fig. 5b . Only the Amorphous subtraction method shows a linear correlation with the Amorphous fitting method.
The samples compared in Fig. 5b are not from a single sample set of similar samples. An analysis of a Values more than one standard deviation lower than the mean crystallinity value of that sample are shown in bold face whereas those more than one STD above are shown in italics STD standard deviation, PL plant material , WD unprocessed wood material , PP processed pulp, MCC microcrystalline cellulose, PT perpendicular transmission, ST symmetrical transmission, SR symmetrical reflection y No statistically significant difference in mean values, with a significance level of 0.05 of a two-sided t test a Measured with the four-circle diffractometer set of bamboo samples is shown in Fig. 5c . These nine bamboo samples were measured in the same conditions, with the same measurement geometry and datacorrected in the same way. A good linear correlation was seen with the Segal method (r 2 ¼ 0:91) and the Amorphous subtraction method (r 2 ¼ 0:97), compared to the Amorphous fitting method. The other methods did not show significant linearity. The sample crystallinity values for the bamboo samples were between 20 and 30 %, according to the Amorphous fitting method.
Comparison to Rietveld refinement In order to further evaluate the chosen crystallinity fitting methods, a 2D RR was carried out on the samples with 2D data (Fig. 2) . RR yielded higher sample crystallinity values than the methods 2-5 (especially for the low crystallinity samples with a strong preferred orientation) and lower values than those of the Segal method (Table 2) .
Discussion
A good linear correlation (r 2 ! 0:90) was found between all crystallinity fitting methods. This suggests that the choice of the analysis method will usually not affect the relative differences between samples (i.e. relative crystallinities), as long as the relative differences are large. If the relative differences are small, however, the methods will not show the same differences in relative crystallinity. This negative cc cellulose/glucose content, NMR nuclear magnetic resonance, PL plant material, WD unprocessed wood material, PP processed pulp, MCC microcrystalline cellulose, PT perpendicular transmission, ST symmetrical transmission, SR symmetrical reflection a Dixon et al. (2015) b Borrega et al. (2015) c Parviainen et al. (2014) d Testova et al. (2014) e Leppänen et al. (2009) f Approximate cellulose content g Jeoh et al. (2007) Cellulose (2016) As shown in the result section, differences in sample crystallinity values obtained with the Segal method can also be due to differences in crystallite sizes. A positive correlation between the crystallite size and the Segal crystallinity value has also been shown by Nam et al. (2016) .
The Segal method also produced too high sample crystallinity values (Table 3) . It did, however, have a linear correlation with the values obtained from the amorphous standard methods when a single sample set (n = 9, Fig. 5c ) was considered. When a sample set (n = 8, Fig. 5b ) consisted of different types of samples, the linearity was no longer present. This is consistent with the fact that the Segal method is an empirical method which was not meant to be used to compare different types of samples but rather quantify changes within a single sample set.
The Gaussian fitting methods 2 and 3 give the lowest crystallinity values, possibly due to over-fitting of the amorphous components. These methods may yield unrealistic amorphous contributions if fitting limits are too loose. On the other hand if the limits are too strict they may lead to wrong crystallinity values. For example, if the lower limit for the width of the amorphous Gaussian peak is too low, there is a risk of fitting crystalline contribution with this peak and thus over-fitting the amorphous contribution, especially for the Gaussian? linear method. Publishing the enforced fitting limits along with the obtained crystallinity values will make these results more comparable with other research. The 2D Rietveld method was used with the same amorphous model as the Gaussian? linear model, but yielded higher crystallinity values. This further suggests that the simpler Gaussian? linear method might overestimate the amorphous contribution.
Methods 4 and 5, Amorphous subtraction and Amorphous fitting, are closely related to each other. Amorphous subtraction is more sensitive to the exact shape of the amorphous standard than the Amorphous fitting method. In the Amorphous subtraction method the amorphous model cannot surpass the sample intensity even if the shape of the model is wrong in some part of the selected scattering angle range. Since the Amorphous subtraction method does not model the crystalline contribution it is also difficult to quantify how well the chosen amorphous standard fits the data.
Method 5, the Amorphous fitting, is not as vulnerable to crystallite size effects as other methods. However, direct comparisons between crystallinity values obtained by it for different data can be difficult due to factors such as the choice of the scattering angle region, the choice of the amorphous model and the different corrections and background subtractions. Since the Amorphous fitting method gave values below 80 % even for the computational models that were 100 % crystalline, it is not a good method for determining whether a sample is fully crystalline or not. Furthermore, the crystalline model of methods 3 and 5 includes only the 18 most significant peaks. This can cause a systematic underestimation of the crystalline component. However, for samples with 60 % cellulose crystallinity, the values obtained by Amorphous fitting were similar to those obtained by NMR.
One of the biggest challenges in using the Amorphous fitting method and the Amorphous subtraction method is to find an appropriate amorphous model. Ideally the amorphous component should be measured separately and then used in the fitting process. As the choice of an amorphous model affects the absolute values of sample crystallinity values obtained, amorphous standards should be freely available.
In this paper, different standards were considered for the amorphous component of the Amorphous fitting method (Fig. 6) . A two-sided t-test showed no differences (for significance level a ¼ 0:05) in the means of obtained crystallinities for the amorphous standards. The exception was the crystallinity obtained with the ball-milled cellulose (Avicel), which yielded statistically significantly (a ¼ 0:01) lower crystallinity means than all the other curves. Also an excellent linearity r 2 ! 0:94 was found for all the other amorphous standards except for the ball-milled cellulose (r 2 ¼ 0:82, Fig. 7 ), where the variation from linearity was the highest for the low-crystallinity samples. The sulphate lignin data has been used extensively for wood and wood-like samples (Andersson et al. 2003; Leppänen et al. 2011; Borrega et al. 2015; Dixon et al. 2015) and was chosen here as well for the low crystallinity samples, which had high noncellulosic content. In this approach, the sulphate lignin is used as a model for all amorphous material in the sample: for example lignin, xylan and amorphous cellulose. For samples of high cellulose content and samples of highly processed cellulosic materials, the ball-milled cellulose model was chosen because these samples contain little or no lignin.
In Rietveld refinement, the crystalline contribution contains more fitting parameters (18) than the amorphous contribution (5). The crystalline contribution may then be over-fitted and the sample crystallinity values overestimated. On the other hand, since the RR is done in 2D, it takes into consideration the preferred orientation. Assuming that the amorphous contribution is isotropic and the crystalline cellulose has a strong preferred orientation, a more accurate upper limit for the amorphous contribution can be obtained from the 2D diffraction pattern than from the averaged one-dimensional data. Both of these factors explain why the RR yields higher sample crystallinity values than methods 2 to 5. De Figueiredo and Ferreira (2014) have used a one-dimensional RR with a corundum calibration standard to assess the crystallinity of Avicel PH-102 (MCC2). Their symmetrical transmission geometry measurement resulted in a crystallinity value of 51 % (compare with Table 2 ).
Careful crystallinity analysis should also account for other factors that may have a measurable effect on obtained crystallinity values. These include the contribution from non-cellulosic crystalline material, water background, effects from sample texture and measurement geometry. Different devices and geometries can result in peak shapes that are different from the Gaussian shape used here. Several different peak shapes have been suggested (Wada et al. 1997 ) and each user should check with a calibration sample which peak shape fits best to the data from their device. Other factors such as inelastic scattering and paracrystallinity can be included in a more sophisticated model if the data quality is high. The lack of features in challenging cellulose samples measured with tabletop devices calls for a simplified model, such as the two-phase model used in this article.
Information on sample paracrystallinity can be obtained with NMR by separating the signal into multiple components (Larsson et al. 1997) . NMR yields information on the physical and chemical environment of individual atoms whereas XRD is sensitive to long-range order. Due to these underlying differences between the measurement modalities, NMR-crystallinity should not be expected to be identical with XRD-crystallinity. However, both methods can be interpreted with a simplified twophase model in which a material consists of only purely crystalline and amorphous components. In this model the paracrystalline contribution is included in the NMR-crystallinity (Tolonen et al. 2011 ). This streamlined model is used in this article when NMRand XRD-crystallinities are compared. This study assumed that contribution from water background is negligible. As moisture content was not measured separately for all samples used in the analysis, no direct correction could be made. For the case of wood samples, zero moisture content is a reasonable approximation for low humidity (equilibrium moisture content (EMC) 2.4 % at 298 K and 10 % humidity), but not for high humidity conditions (EMC 10.8 % at 50 % humidity) (Simpson 1998) . For bamboo samples similar to the ones used in this study (measured at relative humidities between 35.8 and 39.3 %) a mass drop of (4:6 AE 0:2) % was experienced when the samples were heated in oven at 50 C for 98 h. These values suggest that in the general case the water background is not negligible and careful analysis should consider also the water background. If the measurement cannot be performed under low humidity conditions and absolute crystallinity values are of interest, water background should be subtracted from the measured intensities. In any case, all samples should be measured under similar humidity conditions.
Finally, for non-powder samples, different measurement geometries result in different sample crystallinity values due to texture effects. Using the peak weight parameters from Paakkari et al. (1988) and the relative peak heights for cellulose Ib from French (2014) , the difference in total intensity of the major diffraction peaks (110, 110, 102, 200 and 004) between symmetrical reflection and symmetrical transmission is approximately 40 %. Values obtained with perpendicular transmission were found to fall between the values obtained with the two other geometries. The texture effects can be reduced to some extent by using multiple measurement geometries (Paakkari et al. 1988) or by choosing the most appropriate measurement geometry. However, neither of these approaches work for 2D diffraction, where the measurement geometry is effectively limited to perpendicular transmission. For samples with strong preferred orientation, 2D diffraction is therefore more suitable for determining differences in sample crystallinity values rather than for assessing absolute crystallinity values. In this case only samples with similar preferred orientation should be compared as preferred orientation affects the crystallinity values.
Conclusions
In order to avoid crystallite size effects it is better to use area-based fitting methods than peak height based methods. The Amorphous fitting method showed the least variation with respect to the crystallite size for fully crystalline cellulose models and thus it should be used when comparing samples of different crystallite sizes. That method also showed the best correspondence with the available NMR crystallinity results. The values obtained from the Segal peak height method should be considered relative values and comparisons of values obtained from different studies should be avoided.
An ideal, fully quantitative and optimized assessment of cellulose crystallinity should include the contribution of all diffraction peaks. For samples with preferred orientation, this requires the use of at least two measurement geometries and is more reliably performed using two-dimensional scattering data. Although the choice of refined parameters and their fitting limits affects the obtained crystallinity values, the 2D Rietveld method is a promising method for evaluating sample crystallinity.
Relative differences in crystallinity within a sample set can be distinguished with many different crystallinity analysis methods. Comparison between results from different research groups is more Fig. 7 The crystallinity determined using different amorphous backgrounds as a function of corresponding crystallinity values using the sulphate lignin background. All results are from the Amorphous fitting method challenging and the availability of good, open-access amorphous standards would be beneficial to the field. We include the amorphous sulphate lignin model in Online Resource 2 for this purpose. Comparing the crystallinity of different samples by their XRDcrystallinity values is problematic unless identical measurement and analysis protocols have been used.
